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INTRODUCTION
Continuous renal replacement therapy (CRRT) is frequently used for the treatment of critically ill children with acute kidney disease (1) . Although such treatment can be effective (2, 3) , there is still a lack of consensus concerning the precise indications, the implementation, and the associated outcomes regarding CRRT in children (2, 4) . Therefore, we felt compelled to share our experience using this approach for treating critically ill children. Specifically, we describe the treatment and outcomes for a series of six critically ill children, all of whom had multiple organ dysfunction syndrome (MODS).
MATERIALS AND METHODS

Patients
All children were treated in the pediatric intensive care unit of the First Affiliated Hospital of Xiamen University between February 2008 and June 2011. There were three boys and three girls (Tables 1 and 2 characteristics). All suffered from MODS (Table-3) due to sepsis and acute rhabdomyolysis syndrome (Case 1), septic shock (Cases 2, 3, and 6), neonatal asphyxia and meconium aspiration syndrome (Case 4), or hemorrhagic shock, ureter and bladder rupture, and crush syndrome (caused by a car accident) (Case 5).
Treatment
A PRISMA bedside CRRT machine (Hospal, Lyon, France) and M60 AN69 membrane filters were used for all patients. Double-or single-lumen veno-venous hemodialysis catheters were inserted via the right femoral or subclavian vein. The replacement fluid (modified Port carbonate formula) was infused using the post--dilution method. For anticoagulation, patients received heparin or low molecular weight heparin (note: some patients did not receive heparin). Clotting time was maintained between 20 and 30 minutes and tested using the capillary tube method. Activated partial thromboplastin time was 1.5-2.0 times normal.
Outcomes
One patient (case 5) discontinued treatment due to a family decision and eventually died due to circulatory failure and electrolyte disturbance. Dramatic improvements were seen in clinical measures after treatment in all other patients (Table-2 ). Of note, blood urea nitrogen (BUN) and creatinine (Cr) levels were normalized, electrolyte and acid-base balance was stabilized, and indicators of organ function were markedly improved. These patients were subsequently discharged.
Below, we describe two cases of particular interest in more detail. 
Case 1
Case 1 was a six-year-old boy who was admitted on 9 January 2011 with a two-day history of non-projectile vomiting and diarrhea, yellow watery stool, and fever. He had also experienced a convulsion. After admission, the patient was diagnosed with toxic bacterial enteritis, sepsis, MODS (acute kidney injury [AKI], stress ulcer, infection-induced toxic encephalopathy, early disseminated intravascular coagulation, acute myocardial injury, acute liver injury, acute rhabdomyolysis), hyponatremia, metabolic acidosis, and hypoalbuminemia. The patient was experiencing blurred consciousness on admission and suffered a convulsion the day after admission, with a concomitant sustained decrease in blood pressure and urine output. Blood testing revealed abnormal coagulation, metabolic acidosis, electrolyte imbalance, and progressively increased BUN and Cr levels. Serum Cr peaked at 378µmol/L, while creatine kinase was 23057 U/L. The patient underwent CRRT from 11-20 January, and regained consciousness on January 16th. His liver and renal function gradually improved, and blood pressure and urine output normalized. The patient underwent CRRT for 241 hours and was hospitalized for 33 days before discharge. After discharge, the patient was followed-up once-monthly for six months. His development was normal and there was no relapse of symptoms/biochemical abnormalities.
Case 4
Case 4 was a three-day-old female neonate who was transferred to the neonatal intensive care unit on 16 February 2008. She had a history of no crying, poor responsiveness, and anuria. Diagnoses after admission were neonatal asphyxia and meconium aspiration syndrome, neonatal AKI, MODS (heart, liver, kidney, brain), neonatal hypoxic encephalopathy, and severe electrolyte imbalance. Her serum Cr was 204µmol/L on admission and 429µmol/L on the day after admission. CRRT was initiated. Her electrolytes and urine output gradually normalized. The patient underwent bedside CRRT for 52 hours and was hospitalized for 20 days before discharge. After discharge, the patient was followed-up once--monthly for six months. Her development was normal and there was no relapse of symptoms or biochemical abnormalities.
DISCUSSION
Herein, we have summarized our experience treating six children with MODS using CRRT. Of the five children who received full treatment, all recovered completely, thus supporting the effectiveness of CRRT for the management of children who are critically ill due to MODS.
Two cases in our series warrant further discussion, Cases 1 and 4. Case 1 was a six-year--old boy, whereas Case 4 was a three-day-old female neonate; both were in critical condition and would have died without intervention. Case 1 was unique for the duration of CRRT (241 hours), whereas Case 4 was unique because there have been few reports of survival in neonates with MODS af-ter CRRT (3, 5, 6) . In both of these cases, and indeed in general, we believe that early intervention with CRRT may have inhibited the cytokine cascade/ systematic inflammatory response and the associated inflammatory injury (7) . Clearly, the amelioration of uremia and fluid overload likely contributed to the efficacy of treatment. According to our review of the literature, CRRT for 241 hours is very rare. This duration of treatment was necessary to stabilize the patient's internal environment, provide nutritional/metabolic support, and allow for the implementation of other supportive treatment. For this patient, an AN69 membrane filter M60 with good biocompatibility, high permeability, and a strong adsorption capacity was used. The area of the filter was relatively large (0.6m
2 ). The membrane, which can also be used under hypotension, causes a weak activation of complement and leukocytes, and has a small impact on hemodynamics. The high-permeability of this membrane may help to improve the anti-inflammatory cytokine to proinflammatory cytokine ratio, down-regulate the body's inflammatory response, and ameliorate the systemic inflammatory response (8) .
One of the keys to early intervention in the neonate was placement of a central venous catheter by an experienced anesthesiologist. The smallest M60 filter was used and the tubing was pre-filled with whole blood. Further, at the beginning of CRRT, the blood flow rate was low, thus preventing a subsequent drop in blood pressure (9) . Attention was also paid to body heat preservation and heating the vascular access point. This case highlights that, in addition to having the appropriate equipment, inter-departmental cooperation can be important for successful CRRT. Staff in neonatal/pediatric intensive care units should not hesitate to seek assistance from staff in other departments who may have appropriate expertise in central vein cannulation and CRRT.
We also believe it is worthwhile to summarize the key technical principles and requirements for successful implementation of CRRT in children. Due to the physiological and anatomical characteristics of children, including low body weight, small blood flow volume, and hemodynamic instability, filters and tubing with a low pre-filled volume should be used to reduce the blood volume in extracorporeal circulation and help ameliorate the decrease in effective circulating blood volume. Filters with a high molecular weight polymer membrane, high permeability, good biocompatibility, and a small impact on the coagulation system should be selected. The use of AN69 membranes has been linked to bradykinin release syndrome among patients who are acidotic or taking angiotensin converting enzyme inhibitors (10, 11) . Alternative membranes should be used in such cases. Generally, the blood volume in extracorporeal circulation should be maintained at <10% of body weight, ie, <30mL in neonates, <50mL in infants, and <100mL in children. For neonates weighing <2.5kg, tubing can be pre-filled with plasma, whole blood, or 5% albumin (12) .
Establishing vascular access is a key factor for successful CRRT in children. The most frequently used veins in children are the femoral and internal jugular. For operative easiness and to help maintain stable blood flow, veno-venous double--lumen hemodialysis catheters are often used. Two single-lumen venous hemodialysis catheters can be used in infants. Recommended catheters by age are: <6 months, 4-5F single-lumen; 6-12 months, 5-7F double-lumen; 1-3 years, 8-9F double-lumen; and >3 years, 8-12F double-lumen (13) .
Determining the therapeutic dose for continuous veno-venous hemofiltration in critically ill children remains a challenge. Individual doses should be determined according to the disease conditions, taking into consideration metabolic state, fluid volume, and duration of dialysis (14) . Transmembrane pressure should be monitored and maintained at <200mmHg (note: a transmembrane pressure >250mmHg may indicate clotting in the filter) (15) . Particular attention should be paid to warming the replacement fluid. The recommended flow rates are as follows. Blood flow: 30mL/min in neonates; 30-40mL/min in infants/young children; 50-75mL/min in children weighing <20kg; and 75-100mL/min in children weighing >20kg. Ultrafiltration rate: 8-10mL/min/m 2 in neonates/ infants; 8-15mL/min/m 2 in children (note: daily fluid input/output, cardiac function, and edema should be considered). Dialysates: 15-20mL/min/ m 2 in neonates/infants/children (16).
We believe there are a number of key factors that should be taken into account when considering CRRT in cases similar to those described herein. For cases involving AKI or acute renal failure, particular attention should be paid to water and sodium retention and blood nitrogen levels, all of which have a significant impact on the treatment and survival of infants and young children (17) , as well as the speed of progress. The characteristics of systemic disease are also an important factor (18) . CRRT rescue was successful in the 5 patients described herein who completed treatment. We believe that several reasons underlie this high rate of treatment success. First, the decision to treat with CRRT was made early. Our approach is consistent with that advocated by Wolf et al., who suggest that the survival rate following extracorporeal circulation can be improved if treatment is commenced as soon as possible (19) . Second, CRRT allows for correction of water and sodium retention and electrolyte imbalances in a timely manner, facilitating the effectiveness of other treatments (20) . Finally, we must reiterate, that involvement and cooperation between a multi-disciplinary team is of paramount importance so that appropriate rescue of respiratory failure, use of breathing machines, infection prevention and treatment, and cardiovascular support can be accomplished. With regards to when to withdraw treatment, we believe that CCRT can be halted once water and sodium retention subsides, urine output returns to normal, and renal function recovers. To this end, it is worth noting that body water load and urine output are directly related to survival in children (4, 21) .
Over the last few decades, CRRT has become increasingly used in pediatrics, particularly for treating critical illness, such as severe acute renal failure and MODS (9) . With further study into the mechanisms underlying the efficacy of CRRT and technological advances, the effectiveness of CRRT for treating critically ill children can only improve. We hope the sharing of our experience with this treatment will help facilitate such improvement. 
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